Industrial hemp fibres were treated with sodium hydroxide, acetic anhydride, maleic anhydride and silane to investigate the influence of treatment on the fibre structure and tensile properties. It was observed that the average tensile strength of sodium hydroxide treated fibres slightly increased compared with that of untreated fibres, which was believed to be as a result of increased cellulose crystallinity. The average tensile strength of acetic anhydride, maleic anhydride, silane and combined sodium hydroxide and silane treated fibres slightly decreased compared with that of untreated fibres, which was believed to be as a result of decreased cellulose crystallinity. However, the average Young's modulus of all treated fibres increased compared with untreated fibres.
Introduction
Natural fibres such as hemp, sisal, flax, kenaf and jute are highly hydrophilic due to the presence of hydroxyl groups (OH) of anhydroglucose repeating unit in cellulose structure. However, these fibres are covered with pectin and waxy materials, thus hindering the hydroxyl groups from reacting with polymer matrices. This can lead to the formation of ineffective interfaces between the fibres and matrices, with consequent problems such as debonding and voids in resulting composites. Chemical treatments provide an important and effective means to remove non-cellulosic components in cellulose fibres and add functional groups to enable better bonding in polymer composites. In addition, treatment can alter the crystalline structure of the cellulose as well as fibre tensile properties [1] [2] [3] .
Many chemicals have been screened in laboratory experiments to enhance the potential fibre/matrix interface, such as sodium hydroxide, peroxide, organic and inorganic acids, silane, anhydrides, acrylic monomers [4] [5] [6] [7] [8] . Different treatments cause a variation in the degree of impurities removed as well as the degree of structural disruption. In this research work, the influence of various chemicals (sodium hydroxide, acetic anhydride, maleic anhydride and silane) on fibre structure and tensile properties of industrial hemp fibres was investigated by x-ray diffraction and single fibre tensile test.
Materials and methods

Materials
Industrial hemp fibres were supplied by Hemcore Ltd, UK. [3-(2-aminoethyl amino)propyl]trimethoxy silane and maleic anhydride were purchased from Aldrich and Sigma, respectively. All other chemicals were of analytical grade obtained from local commercial sources.
Methods
Fibre treatment
Prior to treatment, untreated fibres (FB) were washed with hot water (50 o C) to remove dirt. Afterwards, fibres were dried in an oven at 80 o C for 48 h.
Alkali treatment
Pre-dried fibres were soaked in 5 wt% sodium hydroxide solution at ambient temperature, maintaining a solution:fibre ratio of 20:1 (by weight). The fibres were immersed in the solution for 30 min. After treatment, fibres were copiously washed with water to remove any traces of alkali on the fibre surface and subsequently neutralised with 1 wt% acetic acid solution. The treated fibres (ALK) were then dried in an oven at 80 o C for 48 h.
Silane treatment
A solution of 0.5 wt% silane coupling agent [3-(2-aminoethyl amino)propyl trimethoxy silane] was prepared in acetone. Acetone was used in preference to water to promote hydrolysis to take place with the moisture on the surface of the fibres rather than within the carrier. It is also reported that acetone promotes swelling of the fibre and so increases the fibre surface area exposed to treatment [9] . The pH of the solution was adjusted to 3.5 with acetic acid and stirred continuously for 5 min. Fibres (6-7 wt% moisture content) were then immersed in the solution for 45 min. After treatment, fibres were removed from the solution and dried in oven at 65 o C for 12 h. Finally, the fibres (SIL) were thoroughly washed with water to remove chemical residues until a pH of 7 was obtained and then dried in an oven at 80 o C for 48 h. Similar silane treatment procedures also employed for fibres that were previously alkali treated.
Maleic anhydride treatment
Fibres were treated with maleic anhydride at a concentration of 5 wt% with respect to the weight of fibres. Pre-dried fibres were placed in a round-bottom flask equipped with a water condenser. The calculated amount of maleic anhydride and acetone was added to the flask, maintaining a fibre to solution ratio of 1:20 by weight. The flask was refluxed on a heating mantle maintained at a temperature of 65 o C for 3 h. Thereafter, the fibres were separated from the solvent and washed with acetone to remove unreacted maleic anhydride. Finally, the treated fibres (MA) were washed thoroughly with water to remove residual chemicals and then dried in an oven at 80 o C for 48 h.
Acetylation
Fibres (4-5 wt% moisture content) were placed in a glass beaker with a sufficient amount of acetic anhydride ensuring that all fibres were totally covered with the reagent to enable the moisture present in the fibres to be hydrolysed by acetic anhydride to acetic acid. Acetic acid improves swelling of fibres increasing the accessibility of hydroxyl groups of the fibres, thus eliminating the need for a solvent [10] . A few drops of sulphuric acid were added to promote the reaction. After 15 minutes, the fibres were removed from the beaker and placed in a pre-heated (120 o C) oven for 2 h with the aim of encouraging esterification. Lastly, treated fibres (ACY) were thoroughly washed with water to remove residual chemicals until a pH of 7 was obtained, and then dried in an oven at 80 o C for 48 h.
Fourier transform infrared spectroscopy (FT-IR)
FT-IR measurements were performed using a Digilab FTS-40 FT-IR spectrometer equipped with a DTGS detector. A total of 30 scans were taken for each sample with a resolution of 4 cm -1 . Grounded dried fibre and KBr (2 mg fibre per 150 mg KBr) was pressed into a disk for FT-IR measurement.
X-ray diffraction (XRD)
The use of XRD counts offers a simple and fast method to calculate the crystallinity index of fibres by means of the empirical Segal equation (Eq.(1)) [11] . [12] . Specimens were prepared by separating fibre bundles by hand, and then attaching single fibres to cardboard mounting-cards with 10 mm holes punched into them using polyvinyl acetate glue to give a gauge length of 10 mm.
The diameter was measured at five points along each fibre using an optical microscope with a calibrated eye-piece, and the average diameter was used to calculate the tensile properties of fibres. The mounted fibres were then placed in the grips of an Instron 4204 universal testing machine, and a hot-wire cutter was used to cut the supporting sides of the mounting cards [13] .
Tensile testing of the fibres was carried out at a cross-head speed of 0.5 mm/min using a 10 N-load cell. The fibres were assumed to have a cylindrical shape. Average strength was obtained using the results from thirty five specimens. Young's modulus of single hemp fibres was obtained using a correction factor, based on compliance of the universal testing machine as described in the literature [14] .
Fibre density measurement
Density of the untreated and treated hemp fibres was measured according to the ASTM D 3800-99 Standard Test Method for Density of High-Modulus Fibres [15] . Benzene was used as immersion liquid [16] . Prior to the measurements, the samples were dried overnight in an oven at 80 o C. The density of the fibres was calculated using Eq. (2).
( )
where l ρ is the density of benzene (0.8765 g/m 3 ), fa W is the weight of fibre in air and fs W is the weight of fibre in liquid.
Scanning electron microscope (SEM)
In this study, fibre surface topography was studied using Hitachi S-4000 and S-4700 field emission scanning electron microscopes. Samples were mounted with carbon tape on aluminium stubs and then sputter coated with platinum and palladium to make them conductive prior to SEM observation.
To examine the transverse cross section of fibres, first the fibres were embedded in a resin block and liquid nitrogen was used to freeze the block. Afterwards, the frozen block was crushed into several pieces for SEM analysis.
Optical light microscope (OLM)
In this work, Olympus BX60F5 optical light microscope fitted with a Nikon camera (Digital Sight DS-U1) was used to measure fibre diameter for single fibre tensile testing. Fig. 1 shows FT-IR spectra of the untreated hemp fibres (FB). The strong peak at 3410 cm -1 is characteristic of the hydrogen bonded hydroxyl group (OH) stretching vibration.
FT-IR & SEM analysis of untreated and treated hemp fibres
The peak at 2916 cm -1 was considered due to C-H stretching vibration of all hydrocarbon constituents of the fibres and the shoulder band observed at 1732 cm -1 was due to the absorption of carbonyl (C=O) stretching of hemicellulose present in the fibres. The peak at 1639 cm -1 is related to absorbed water. The peak appearing at 1425 cm -1 was due to CH 2 bending in lignin and the peak at 1322 cm -1 was due to O-H inplane bending. The band at 1247 cm -1 was considered due to C-O stretching of acetyl in lignin. A small sharp band at 892 cm -1 appears to have arisen from β-glucosidic linkages between the sugar units in hemicellulose and cellulose [1, [17] [18] [19] [20] . A summary of the characteristic peaks is presented in Table 1 .
FT-IR spectra of alkali, acetic anhydride and maleic anhydride treated hemp fibres are shown in Fig. 2 . In general, the spectrum of alkali treated hemp fibres (ALK) was similar to that of the untreated hemp fibres. However, the peak at 1732 cm -1 seen in untreated fibres disappeared after alkali treatment. This appears to be due to the removal of pectin and hemicellulose present in the fibres [17, 21] . In alkali treatment, noncelluloses including fats, wax and pectin were removed as can be seen in Fig. 3 . Similar observation has also been made by other researchers [17, 22] . Acetylation of hemp fibres with acetic anhydride led to the appearance of a new peak at 1743 cm -1 . This was attributed to the C-O stretching of the ester carboxyl group. The lowering in intensity of the OH stretching band at 3410 cm -1 in the spectra also provided further evidence of successful acetylation [23] . A peak at 1721 cm -1 in the maleated hemp fibres also indicates the presence of the ester groups. There was also a remarkable decrease in the intensity of OH stretching band at 3410 cm -1 in the spectra, which further confirmed the maleation of hemp fibres [24, 25] . Surface morphology of acetic anhydride and maleic anhydride treated hemp fibres are shown in Fig. 4 . It can be observed that nearly all external impurities were removed from the surfaces which appeared to be smooth. This observation is in general agreement with other researchers [23] . silane and cellulose of hemp fibres [6, 17] . However, for combined alkali and silane treated fibres (ALKSIL), the intensity of the band at 1203 cm -1 was higher than that of SIL fibres which suggested that the efficiency of silane grafting onto hemp fibres was higher for the alkali treated fibres compared to the untreated fibres. Gonzalez et al. [6] also made a similar observation for the henequen fibres and silane system. Fig. 6 shows the surface topography of silane treated hemp fibres (SIL and ALKSIL) which appeared to be smooth could be due to the deposition of siloxane to some extent. However, there was no appreciable morphological difference found for the SIL and ALKSIL fibres in the SEM micrographs.
XRD analysis of untreated and treated hemp fibres
X-ray diffractrograms of the treated and untreated fibres are shown in 
Fibre density
Density of the untreated and treated hemp fibres is presented in Table 2 . It can be observed that the density of hemp fibres increased after treatment. This could be due to the (i) densification of fibre cell walls as a result of removal of impurities (less dense fats and waxes) by solvents and (ii) filling of the pores with grafted molecules (except the alkali treated fibres) [27] . Mwaikambo et al. [2] also found that the density of hemp fibres increased upon alkali treatment. In another work, Varma et al. [27] treated jute fibres with various chemicals including silane, titanate, sebacoyl chloride and tolylene diisocyanate and found that the fibre density increased after treatment.
Defects in industrial hemp fibres
The cell walls of natural fibres contain defects, known as kink bands and microcompressive defects [28] . At the defect region, the angle of the microfibrils relative to the fibre axis differs from the angle of the surround cell wall, which corresponds to the change of crystalline orientation. In general, defects in natural fibres arise from two different sources namely (1) during growth, and (2) A number of features, similar to those seen in other natural fibres [28, 29] , were noted in industrial hemp fibres of the present study. For example, the presence of kink bands in hemp fibres can be seen in Fig. 9 (a) which were often found at the same place on various fibres of a bundle. It is reported that the kink bands are the most likely area to break during the tensile tests of fibres. Kink bands would suggest a loss of tensile strength in the fibres [28] . In Fig. 9(b) , micro-cracks in fibre cell wall along the fibre length were evident (shown in small box). It was unclear how deep the crack penetrated into the fibre cell wall. Light microscope images of micro-compressive defects (indicated by arrows) in hemp fibres are shown in Fig.10 . The damage appeared to be extensive, occurring at frequent intervals along the length of the fibre.
Hughes et al. [30] have shown that micro-compressive defects can be present in both 'green' (separated by hand) and 'processed' (by decortication) hemp fibres. In another report, Davies and Bruce [31] studied the relationship between tensile properties and the amount of defects for flax and nettle fibres. They observed that tensile properties of the fibres decreased to some extent as the number of defects increased. Fig. 11 shows typical stress-displacement curves for single fibres. The failure strain of single fibres was found to be approximately 1-2%. The average diameter of the untreated and treated fibres is presented in Table 2 . As expected, the average diameter of all treated fibres decreased compared to untreated fibres due to the removal of surface impurities (wax, pectin and fat) as discussed in section 3.1.
Single fibre tensile properties of untreated and treated hemp fibres
The average tensile strength and Young's modulus of the treated hemp fibres is illustrated in Fig. 12 . It can be seen that the alkali treatment appeared to slightly increase the tensile strength of the fibres in relation to those of the untreated fibres, with those of the untreated fibres, although given the high variability of data, this is not surprising. It must be accepted that experimental error as well as fibre structure will have influenced variability. The transverse cross-sectional area of the fibres was assumed to be circular, although the single hemp fibres were polygonal shape as can be seen in Fig. 13 . This assumption would be a source of error in the measured tensile properties of the untreated and treated fibres which would have increased measured variability. In section 3.4, it was seen that hemp fibres had many defects along their length. These defects could be another reason for large scatter in tensile strength and Young's modulus results.
Increase in tensile strength of ALK fibres could be occurring due to the improvement of cellulose chain packing order. As stated in the literature [18] , alkali treatment of natural fibres causes a reduction in the spiral angle of cellulose microfibrils which in turn allowed for the rearrangement of the cellulose chains and consequently improves tensile strength. Unlike alkali treatment, silane and acetylation were carried out in acidic medium. This acidic medium could catalyse the cleavage of β-1,4-glycosidic bonds between the two anhydroglucose units. Thus cellulose chain scission could be lowering the tensile strength of hemp fibres [32] . In the case of maleic anhydride modified fibres (MA), fibres were heated in the presence of a solvent (i.e. acetone). Decrease in tensile strength of MA fibres could be occurring due to the weakening of interfibrillar interaction in cellulose due to heating in the presence of the solvent. Weakening (or softening) of interfibrillar interaction in MA fibres have been seen to adversely affect the stress transfer between fibrils and thereby the overall stress development in fibres under tensile deformation [2] . Fibre treatment causes dissolution of soft materials (e.g.
wax, gum and pectin) as supported by SEM which could slight increase in Young's modulus by fibre cell wall densification on elimination of these materials.
Relationships between the tensile properties and crystallinity index for treated and untreated hemp fibres are shown in Fig. 14 . As can be observed, tensile strength and Young's modulus of hemp fibres increased with increased crystallinity index. A similar relationship was observed for alkali treated jute fibre as reported by Gassan et al. [33] .
On the other hand, Mwaikambo et al. [34] found contradicting results for alkali treated sisal fibres such that tensile strength and Young's modulus decreased with increased crystallinity index. Such contradicting results suggest that treatment severity has a large influence on tensile properties; it may be that at higher levels of treatment, chain scission may override the influence of increased crystallinity and result in lower tensile
properties.
Conclusions
The average tensile strength of sodium hydroxide treated fibres (ALK) slightly increased compared with that of untreated fibres, which was believed to be as a result of increased cellulose crystallinity. In contrast, the average tensile strength of acetic anhydride, maleic anhydride and silane treated fibres slightly decreased compared with that of untreated fibres, which was believed to be as a result of decreased cellulose crystallinity. In the case of a combined treatment with sodium hydroxide and silane, the average tensile strength of the fibres (ALKSIL) slightly decreased compared to that of alkali only treated fibres (ALK), which was also thought to be as a result of decreased cellulose crystallinity. The average Young's modulus of all the treated fibres increased slightly compared with that of the untreated fibres, which was considered to be due to densification of fibre cell walls as a result of removal of non-cellulosic materials during treatment as supported by SEM. Defects were observed for hemp fibres that could explain much of the variability in fibre tensile strength and Young's modulus. 
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